The T-box genes constitute an evolutionarily conserved family of putative transcription factors which are expressed in discrete domains during embryogenesis, suggesting that they may play roles in inductive interactions. Members have been identified by virtue of their homology to the prototypical T-box gene, T or Brachyury, which is required for mesoderm formation and axial elongation during embryogenesis. We have previously reported the discovery of six new mouse T-box genes, Tbx1-Tbx6, and described the expression patterns of Tbx1 -Tbx5 
INTRODUCTION
10.5 dpc, the tail bud at the tip of the elongating tail replaces the primitive streak as the source of new mesoderm. The tail bud continues to produce somitic mesoderm until Gastrulation in the mouse embryo begins with the aparound 13.5 dpc (Tam et al., 1992) . pearance of the primitive streak at approximately 6.0 days Brachyury, or T, is one of the few genes in the mouse postcoitus (dpc). The primitive streak defines the anterior/ known to play a role in the specification and differentiation posterior axis of the embryo and is the primary source of of early mesoderm at gastrulation. It encodes a tissue-spethe mesoderm. Mesoderm exiting the streak migrates becific transcription factor with a sequence-specific DNA tween the endoderm and ectoderm germ layers of the embinding domain (Kispert and Herrmann, 1993) and tranbryo proper and also into the extraembryonic region to form scriptional activation and repression domains (Kispert et the mesoderm of the extraembryonic membranes. Mesoal., 1995) . Recently, the T locus was found to be a member derm undergoes regional differentiation in the developing of a gene family defined by a region of homology that has body of the embryo, including the paraxial mesoderm, the been named the T-box (Bollag et al., 1994) . The canonical intermediate mesoderm, the lateral plate mesoderm, and T-box is 174 -186 amino acids in length and corresponds to the notochord, which participates in axial elongation. At a large part of the DNA binding region of the polypeptide (Kispert and Herrmann, 1993; Agulnik et al., 1996) . We have the time of posterior neuropore closure, at approximately 535 Tbx6 in Paraxial Mesoderm Formation scribed previously (Morita et al., 1993) . A wild-type Tcp1 allele is recently reported the discovery of six new mouse T-box associated with the T mutation, and the t-haplotype-specific Tcp1 genes, Tbx1-Tbx6, and have described the expression patallele is associated with the wild-type allele at the T locus. Genoterns of Tbx1-Tbx5 (Bollag et al., 1994; Agulnik et al., 1996;  types of individual embryos were determined by gel electrophoresis Chapman et al., 1996; Gibson-Brown et al., 1996) . Tbx1 -and ethidium bromide staining. The posterior portion of one abnorTbx5 are all expressed in highly specific patterns in many mal 8.5 dpc embryo was embedded for histology to confirm the tissues during embryogenesis and early organogenesis, and presence of mesoderm.
all but Tbx2 are expressed at gastrulation. This early expression, along with the considerable information implicating T in mesoderm induction and differentiation, could indicate Isolation of a Tbx6 cDNA a conserved role for the T-box gene family in the events of
The details of the isolation of a partial Tbx6 cDNA clone have gastrulation.
been described previously (Agulnik et al., 1996) . Briefly, an 8.5 dpc
In this study, we report the cloning and embryonic expresmouse library was screened under reduced stringency with a Tbx2 sion pattern of Tbx6. Unlike Tbx1-Tbx5, Tbx6 is remarkcDNA probe. Among the clones isolated was clone w32, which by able for a very restricted expression pattern. Furthermore, sequence analysis was determined to encode a new member of the its expression partially overlaps that of T, raising the possimurine T-box gene family. To obtain a full-length Tbx6 cDNA, bility of interaction between these two T-box genes. For two additional libraries were screened using the w32 cDNA as a probe. Mouse cDNA libraries (7.5 and 8.5 dpc) were a generous gift this reason, we have also examined Brachyury mutant emof John D. Gearhart (Johns Hopkins University School of Medicine).
bryos to determine whether a lack of T product affects Tbx6
Both libraries were primed by oligo(dT) and prepared using the expression.
Lambda ZAP II vector (Stratagene). Recombinant plaques (850,000 and 1 1 10 6 ) from the 7.5 and 8.5 dpc libraries, respectively, were screened in duplicate according to standard techniques (Sambrook et al., 1989) . Briefly, filters were hybridized at 50ЊC in 51 SET, 11 Denhardt's, 20 mM sodium phosphate buffer, pH 7.0, 1% SDS, 0.1 mg/ml denatured and sheared salmon sperm DNA, and 0.1 mg/
MATERIALS AND METHODS

Source of Tissues
ml Escherichia coli DNA with 1 1 10 6 cpm 32 P-labeled probe/ml hybridization solution. Filters were washed at a final stringency of Swiss Webster random-bred mice (Taconic Farms, NY) were used 11 SSC, 0.1% SDS at 50ЊC and exposed to Fuji autoradiographic to investigate Tbx6 expression. Animals were housed under stanfilm with intensifying screens at 070ЊC for 16-20 hr. Purified posidard lighting conditions (14 hr light/10 hr dark). Estrus-selected tive clones were in vivo excised according to Stratagene's protocol. females were mated overnight and gestation was timed from the detection of a vaginal plug (day of plug Å 0.5 dpc). Postimplantation embryos for in situ hybridization were dissected from the reproductive tracts and either processed within their decidua for analysis
DNA Sequence Analysis
of tissue sections (6.5 to 9.5 dpc) or dissected free of decidua and Clones were sequenced using the double-stranded sequencing extraembryonic membranes for whole-mount analysis (6.5 to 13.5 procedure for the Sequenase Version 2.0 DNA sequencing kit (U.S. dpc). All tissues were fixed in 4% paraformaldehyde in PBS overBiochemical). DNA sequencing was also performed on an Applied night at 4ЊC. For Northern analysis, 8.5 dpc embryos were frozen Biosystems Model 373A DNA sequencer. Sequences were analyzed in liquid nitrogen prior to RNA isolation. using the sequence analysis programs for the VAX (Devereux et Tbx6 expression was also examined in mice carrying the al., 1984). Brachyury (T ) mutation. The classical T mutation comprises a deletion of approximately 160 kb in length with uncharacterized end points . As such, it cannot be distin-
Chromosomal Localization of Tbx6
guished-other than by its absence-in a PCR assay. To identify T/T embryos with certainty in a positive assay, prior to the onset Linkage analysis was performed with the interspecific backcross of the mutant phenotype, we bred the T mutation into a compound panel, BSS, developed at the Jackson Laboratory (Rowe et al., 1994) . heterozygous genotype opposite the inversion haplotype t h2 , which DNA samples from the panel were digested with the enzyme Taq spans both the T locus and the marker locus Tcp1. The inversion I, separated by gel electrophoresis, and blotted to nylon filters. Blots prevents recombination between the T locus and Tcp1 and allows were probed with the 32 P-labeled w32 clone according to standard the use of a PCR length polymorphism at Tcp1 (Morita et al., 1993) protocols. The map position of Tbx6 was determined by a comparias a means for typing embryos at the T locus. The t h2 haplotype son of the strain distribution pattern obtained in this experiment has the additional advantage of reducing its own transmission from with the database held at the Jackson Laboratory (Mouse Genome males that carry it, thus increasing the number of embryos carrying Database, 1996 , was used in an intercross to obtain 11.5
Preparation of Probes dpc embryos. Compound heterozygotes were mated and embryos from timed matings were individually dissected in PBS with BSA The w32 plasmid consists of approximately 1150 bp of the Tbx6 cDNA, including part of the T-box region, inserted at the EcoRI and fixed for whole-mount in situ analysis. Individual embryos were assessed for Tbx6 expression, photographed, and processed for site of pBluescript II KS(0). A 1150-bp SmaI -EcoRV insert from the w32 plasmid was used as a probe to screen the 7.5 and 8.5 dpc genotyping by PCR according to standard protocols. Primers and reaction conditions for typing the Tcp1 marker locus were as demouse cDNA libraries. DNA probes for the cDNA library screens were labeled using the Multiprime DNA labeling system (Amerencoding the entire Tbx6 protein, the partial Tbx6 cDNA, sham). Plasmid pME68S, containing the 3 end of the mouse w32, was used as a probe to screen 7.5 and 8.5 dpc mouse 1A) with a predicted molecular probes were hydrolyzed to an average size of 0.5 kb for wholeweight of 59 kDa. Searches of GenBank revealed homology mount in situ analysis using the method of Cox et al. (1984) .
only with previously characterized Brachyury and T-box gene homologs. The GenBank accession number for the Tbx6 sequence is U57331.
RNA Isolation and Northern Blot Hybridization
The T-box is a conserved sequence region present in all Analysis members of the T-box family (Bollag et al., 1994; Agulnik et al., , 1996 . The full-length cDNA clones for three Poly(A) / RNA was isolated from 8.5 dpc embryos using the Micro other mouse T-box genes, T , Tbx2
Fast Track kit (Invitrogen) according to the protocol suggested by the manufacturer. mRNA was electrophoresed on a denaturing (Bollag et al., 1994) , and Tbr-1 (Bulfone et al., 1995) the transcript was determined by comparison to the ribosomal RNA bands and to the 0.24-to 9.5-kb RNA ladder (Gibco BRL).
Chromosomal Localization of Tbx6
In Situ Hybridization Analysis
Linkage analysis was performed with the BSS backcross panel of DNA samples (Rowe et al., 1994) . This analysis Paraformaldehyde-fixed embryos were dehydrated through a demonstrates a location for the Tbx6 gene at position 61 graded ethanol series, embedded in paraffin wax, and sectioned at on chromosome 7 (Fig. 1C) . The results of linkage studies 5-7 mm. Sections were analyzed by in situ hybridization using the can often be used to identify potential candidate mutations procedure described by Jaffe et al. (1990) . Slides were exposed to that might reside within the cloned locus. However, based Kodak NTB2 emulsion for 21 days and viewed on a Nikon Microphot microscope under bright-and dark-field optics. Dark-field illuon the expression pattern observed (see below), a mutation mination was also performed using Darklite (Micro Video Instruin Tbx6 would be likely to affect gastrulation and/or tail ments, Inc.). Photomicrographs were taken using Kodak film.
development and no such mutations have been mapped to Whole-mount in situ hybridization was performed according to this region of chromosome 7 (Mouse Genome Database, Wilkinson (1992) . Briefly, digoxigenin-labeled antisense riboprobes 1996).
were hybridized at 63 -65ЊC and washes were performed at a final stringency of 0.21 SSC, 0.1% Chaps at 63-65ЊC. Negative controls for both sections and whole mounts included the use of sense ribo-
In Situ Hybridization Analysis
probes.
In situ hybridization was performed on sections and whole mounts to determine the spatial pattern of Tbx6 expression during embryogenesis. Tbx6 transcripts are not detected at RESULTS 6.5 dpc, but are first detected at 7.0 dpc in the embryonic portion of the egg cylinder, in a stripe which corresponds to
Cloning and Sequence Analysis of Tbx6
the early primitive streak. At 7.5 dpc, Tbx6 expression is in the primitive streak, extending caudally from the node to Three members of the mouse gene family related to the T or Brachyury gene were initially identified using an RTthe base of the allantois, and also in the paraxial mesoderm surrounding the streak (Figs. 2B-2D and 3A and 3B). At 8.5 PCR approach (Bollag et al., 1994) . To identify additional members of the mouse T-box gene family, the Tbx2 cDNA dpc (6-12 somites), Tbx6 transcripts are detected in the unsegmented, presomitic mesoderm of the tail region, surwas subsequently used as a probe to screen an 8.5 dpc cDNA library. In this way, partial cDNAs for three additional rounding the caudal end of the neural plate (Figs. 2E -2G) . Similarly, at 9.5 dpc (Ç25 somites), Tbx6 transcripts are exmembers of the T-box gene family, Tbx4, Tbx5, and Tbx6, were identified (Agulnik et al., 1996) . To obtain a cDNA pressed in the unsegmented mesoderm of the caudal region ( Fig. 2H) , extending from the area of the open neural tube at 5.5 dpc in the proximal epiblast (R. Beddington and P. (Fig. 2I) rostrally to the level of neural tube closure (Fig. 2J) .
Thomas, personal communication) and then in the early Presomitic mesoderm surrounding the posterior-most end of primitive streak at 6.5 dpc (Beddington et al., 1992) , whereas the hindgut also expresses Tbx6 (not shown). Expression perTbx6 transcripts are first detected at 7.0 dpc. Thereafter, sists in the tail bud through 12.5 dpc (Figs. 2K -2M) but is no Tbx6 and Brachyury share domains of expression in the longer detectable at 13.5 dpc (Fig. 2N) .
primitive streak, and tail bud, but Tbx6 is absent from the node/notochord. The possibility therefore arises that
Tbx6 Expression in Heterozygous and Homozygous
Brachyury is responsible for activating Tbx6 expression in
Brachyury Mutants
the areas of overlap. To address this possibility, we analyzed homozygous and heterozygous Brachyury mutant embryos Brachyury expression appears to precede that of Tbx6 during embryogenesis. Brachyury transcripts are first detected between 7.5 and 11.5 dpc for Tbx6 expression by whole-
FIG. 2. Expression of Tbx6 throughout embryogenesis (B -N), and T expression in a primitive streak stage embryo for comparison (A)
, as shown by in situ hybridization of whole mounts and sections. Embryonic ages are 7.5 dpc in A -D; 8.5 dpc in E -G; 9.5 dpc in H -J; and 10.5, 11.5, 12.5, and 13.5 dpc in K-N, respectively. The posterior of the embryo is always to the right. is not expressed in the abnormal embryo. (E) At 9.5 dpc, the abnormal embryo on the left shows no Tbx6 expression. (F) Tbx6 is expressed in the tail bud (arrow) in this 11.5 dpc embryo from which the head has been removed. The obvious constriction and kink in the base of the tail indicate that this embryo is heterozygous (T/t w2 ) for Brachyury. Tbx6 is the eighth member of the mouse T-box gene fam- evolutionary tree indicates that Tbx6 is not closely related
Note. All embryos were classified morphologically and then to any of the other T-box genes (Agulnik et al., 1996) . In scored for Tbx6 expression by whole-mount in situ anlaysis.
fact, it is almost certain that a Tbx6 ancestral gene was already in existence at the origin of vertebrate evolution, b Two of these embryos had small allantoides but were otherwise and it is likely that Tbx6 existed in the common ancestor normal.
to vertebrates, arthropods, and nematodes. The implication of these findings is that Tbx6 should exist in all other vertebrate species and may also exist in all invertebrates. In the chick (Knezevic et al., 1997) , zebrafish (B. Hug and D. Grunmount in situ analysis. Brachyury mutant embryos were derived from crosses between T/t h2 or T/t w2 compound hetwald, personal communication), and Xenopus (G. Thomsen, personal communication), new T-box genes have been reerozygotes. The T/T homozygous mutant phenotype is detectable in histological sections as early as 7 dpc, by a low cently discovered that are expressed in the gastrulating embryo. Both the chick gene and the zebrafish gene have exmesoderm:ectoderm ratio (Yanagisawa et al., 1981) . At a gross morphological level, homozygous mutant embryos pression patterns with striking similarities to that of Tbx6 (Knezevic et al., 1997 ; B. Hug, and D. Grunwald, personal can sometimes be detected at 7.5 dpc by an underdeveloped allantois. By 8.5 dpc T/T homozygotes can be identified by communication) possibly indicative of analogous functions. The similar expression patterns lend support to the idea the lack of a notochord, a bent neural tube, dorsal blebs, the absence or abnormality of somites, and the characteristhat these are orthologous genes. A phylogenetic analysis (Ruvinsky, I., and Silver, L. M., unpublished) does not allow tically underdeveloped allantois (Chesley, 1932; Fujimoto et al., 1983) . T/T homozygotes die around 10.5 dpc due to resolution of the relationships between the genes with certainty because of the great amount of divergence that has developmental failure of the allantois and severe axial defects (Dobrovolskaïa-Zavadskaïa, 1927 ; Gluecksohn-Schonoccurred over evolutionary time. Neighbor-joining analysis (Saitou and Nei, 1987) leaves the relationships unresolved, heimer, 1944). Compound heterozygotes for T and either the t h2 or t w2 haplotype are indistinguishable from wild type whereas maximum parsimony analysis (Swofford, 1991) puts all four genes in the same subfamily. Searches for addiuntil around 11.5 dpc when abnormal tail development is clearly evident. Homozygous t h2 /t h2 or t w2 /t w2 embryos are tional Tbx6-related genes in these and other species, as well as functional studies, will help to resolve this question. phenotypically normal throughout this embryonic period.
The number of embryos expressing Tbx6 at each age, clasSix of the known mouse T-box genes are expressed in the early embryo at the time of gastrulation. Expression of sified morphologically as normal, abnormal, or short tailed, is shown in Table 1 . At 7.5 dpc, all embryos were morphoTbx3, Tbx4, and Tbx5 is restricted to the extraembryonic region of the egg cylinder at 7.5 dpc, whereas Tbx1 is logically normal and were indistinguishable in their Tbx6 expression patterns (Figs. 3A and 3B; Table 1 ). Some of these expressed in anterior embryonic mesoderm (Chapman et al., 1996) . Tbx6 and T are expressed in partially overlapembryos were genotyped by PCR and included 5 T/T, 4 T/t h2 , and 1 t h2 /t h2 embryo. At 8.5 dpc, morphological ping but nonidentical domains in the posterior, embryonic part of the egg cylinder. By 7.0 -7.5 dpc, both genes are abnormalities characteristic of T homozygotes were clearly evident in 4 embryos, none of which expressed Tbx6 (Figs. expressed in the primitive streak, with expression persisting in the unsegmented mesoderm of the tail bud for 3C and 3D). Eleven embryos were morphologically normal, and 2 were normal except for small allantoides. All of these as long as new somitic mesoderm is being produced. However, Tbx6 is not expressed as early as T and is never embryos expressed Tbx6 in a normal pattern (Table 1) . At 9.5 and 10.5 dpc, the mutant phenotype was obvious in 13 observed in the notochord, a major domain of T expression Wilkinson et al., 1990 ; Kispert and embryos, none of which expressed Tbx6 ( Fig. 3E; Table 1 ), whereas all the normal embryos expressed Tbx6. By 11. 5 Herrmann, 1993) . In addition, at the mid to late primitive streak stage, Tbx6 expression extends laterally in the dpc, the abnormal tail development of compound heterozygotes becomes evident as a basal constriction in a smaller mesoderm in the area that contains the newly formed paraxial mesoderm of the trunk (Tam and Trainor, 1994) , than normal, filamentous tail. In spite of the tail abnormal-but disappears as this tissue segments into somites. At gotes. T/T embryos can form up to 12 abnormal somites, while T Wis /T Wis embryos produce only a variable number of organogenesis stages, the caudal tissue, which includes the remnant of the primitive streak and the tail bud, is a somitic mesoderm clumps (Kispert and Herrmann, 1994) . The T Wis mutation produces a truncated protein which remajor source of new paraxial mesoderm. Tbx6 is expressed in this caudal tissue and in the presomitic, paraxial mesotains the N-terminal DNA binding domain but loses Cterminal amino acids. The resulting protein can bind but derm for as long as new paraxial mesoderm is being produced. This could indicate that Tbx6 is involved in the not perform wild-type T function, hence a dominant negative effect ; Kispert and Herrmann, actual process of paraxial mesoderm specification since these cells are not yet fully committed as they are re-1993; Kispert et al., 1995) . The more severe phenotypes associated with the dominant negative allele suggest that cruited into this population (Tam and Trainor, 1994) .
Because of the partial overlap in expression patterns and there is another protein that can partially compensate in the absence of T, possibly by binding to T's binding site, the observation that T expression appears to precede that of Tbx6, we considered the possibility that initiation of but that the presence of a truncated protein prevents it from binding and acting in the specification or production of somTbx6 expression is directly regulated by T. This is clearly not the case, however, since at the time of its first appearitic mesoderm (Herrmann, 1995) . The overlapping expression of Tbx6 and T in the posterior mesoderm domain, as ance at 7.5 dpc, Tbx6 expression is unaffected in T/T mutant embryos. Instead, there is an abrupt extinction of Tbx6 exwell as the conserved DNA binding motif, makes Tbx6 a possible candidate for this protein.
Whether Tbx6 encodes pression in T/T embryos coincident with the onset of axial morphological abnormalities. Since we used the original T a transcription factor that could partially compensate for the absence of T awaits a mutational analysis. deletion that spans approximately 160 kb, it is possible that the extinction of Tbx6 expression that we observed in T/T mutants is a result of not the lack of T, but the lack of another gene, Brachyury the Second (T2), that has recently ACKNOWLEDGMENTS been mapped to the deletion (Rennebeck et al., 1995) . This seems unlikely, however, since Tbx6 expression is downreg- (Rassbass et al., 1994; Conlon et al., 1995) . Unlike Tbx6, however, expression of these other genes is gradually lost as the effects of T become evident in the mesoderm. In the
